Design of ship sewage treatment systems that not only satisfy the use of small space on board but also meets International Maritime Organisation (IMO) latest emission standards is still a challenging problem for ship industry. This study provides a comparative disquisition between two different MBR reactors i.e, air-lift multilevel circulation membrane reactor (AMCMBR) and anaerobic/anoxic/ aerobic membrane reactor (AOA-MBR) for domestic sewage treatment. The influence of pollutants volume loading rate (VLR) and C/N on effluent chemical oxygen demand (COD), ammonium nitrogen (NH 4 + -N) and TN for marine domestic sewage was analyzed.
Introduction
Ships discharge black and grey water directly into marine environment, which can bring excessive calamity to the marine ecosystem. The direct discharge of ship sewage can result in nutrient enrichment and algal blooms [1] [2] [3] . In recent years, implementation of the latest International Maritime Organization (IMO) discharge standard applicable from 2016 has raised severe emission standards for ship domestic wastewater discharge [4] . Compared with the old IMO emission regulations, like MARPOL73/78 and MEPC.159(55), TN discharge standard is introduced for the first time in new regulation, which should be below 20 mg/L [5, 6] . Therefore, there is an urgent necessity for onboard ships wastewater treatment systems to meet these strict standards.
Nowadays, MBR technology has been applied for wastewater treatment for many advantages, like biomass enrichment, ensured sludge-effluent separation, small footprint, easy manipulation of the hydraulic and sludge retention times (HRT and SRT) and excellent effluent quality [7] [8] [9] . Aerobic MBR technology is widely used for domestic wastewater treatment [10, 11] . Khan et al. [12] used a laboratory-scale membrane bioreactor (MBR) for domestic wastewater treatment at two different pollutants volume loading rate (VLR). The results showed that more than 95 % chemical oxygen demand (COD), 89 % ammonium nitrogen (NH 4 + -N) and 34 % total nitrogen (TN) was removed. For the treatment of real domestic waste water, Song et al. [13] employed a novel pilot gravity-driven anoxic/oxic fed-batch membrane bioreactor (AFMBR). The results showed that NH 4 + -N, COD, and TN removals were ranged from 71 % to 97 %, from 78 % to 96 %, and from 20 % to 60 %, respectively. Hussain et al. [14] developed an anaerobic-microaerobic fixed biofilm (AMFB) reactor to study carbon removal simultaneously with ammonium oxidation in dilute domestic wastewater. The results demonstrated that AMFB reactor achieved the maximum 99 % COD removal efficiency at HRT of 24 h and almost all biochemical oxygen demand (BOD) was removed. However, most of the studies focus on various aspects of onshore MBRs, while few studies discussed offshore MBRs [7, 15] . In addition, large volume and failure to meet emission standards are found to be existing challenges for ship wastewater treatment systems.
MBR technology is still facing many challenges concerning complex operational requirements and uncontrollability of marine environment. Many influencing factors, like temperature, HRT, pH, influent pollutants loading rate and C/N ratio, were considered to affect the removal efficiency of MBR [16, 17] . In marine pollution aspect, constant pollutants shock and unstable C/N ratio are two significant characteristics of ship domestic sewage [18] . Therefore, it is essential to investigate the influences of pollutants volume loading rate (VLR) and C/N on MBR performance for the new IMO discharge standard.
The activated sludge is an important part of MBR reactor. It directs the treatment efficiency and effects of sewage treatment [19] . Enzyme activity (EA) is an effective way to describe the activity and quantity of microorganisms in the activated sludge which play vital roles in nutrients removal (especially N removal) for MBR [20] . For example, Urease (metal enzyme) is a decomposition catalyst of urea which can catalyze urea hydrolysis to generate ammonia and carbon dioxide, as well as the hydrolysis of C-N bond of amide [21] . Therefore, Urease can be used as an indicator for aerobic MBR running [22] . Nitrate Reductase is the principal limiting step of denitrification. Therefore, taking this enzymatic activity as an indicator can present the denitrification ability of wastewater treatment plants [23] . For pollutant decomposition, microorganisms present in activated sludge play vital role. Moreover, the microbial decomposition rate on organic matter is directly related to the enzyme activity of microorganisms.
To address these existing challenges, comparison of two different MBR systems was performed in this study to analyze the effect of pollutants VLR and C/N on organic degradation and nutrient removal in wastewater treatment. COD removal, TN removal, mixed liquid suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), MLVSS/MLVSS (suspended sludge and membrane attached sludge) in the system were examined. Moreover, microbial enzyme activities of activated sludge were studied. 
Bench scale experiment of two different reactors
The schematic diagrams of AMCMBR and AOA-MBR are shown in Fig. 1 (a) and Fig. 1 (b) , respectively. Furthermore, two bench-scale MBR systems are shown in Fig. 1 (c) . Two reactors were designed by the same processing wastewater flow. The main reactor for both reactors was made of organic glass (Polymethyl methacrylate).
For AMCMBR, the total volume and effective volume were 60 and 50L, respectively. The two flat-plat membrane module made of polyvinylidene fluoride (PVDF) (Tianjin Motimo Membrane Technology Co., LTD) used in this system with the usable membrane area of 1m 2 , pH range of 2~11 and membrane aperture of 0.02 μm. Therefore, the total membrane area of membrane module in the system is 2m 2 . The system operation was set as 9 min for positive pumping and 30 second for back flushing so as to guarantee the normal membrane flux. A large amount of local ventilation was designed owing to the center-fixed installation of sand head aeration. Meanwhile, it form multilevel circulations through open pore of baffle to mix gas and water adequately, which can increase bubble circulation and meet the requirement of dissolved oxygen (DO). Compared with traditional MBRs, the system has better exchange and mass transfer, and air bubbles will be distributed more evenly. A parallel connection system of aerobic zones was designed in the pilot-scale AMCMBR. When a membrane in one aerobic zone is under backwashing, the other one can work instead, which will not affect the normal operation of the system. The AOA-MBR system comprised of a sequencing batch and membrane zone. The total volume of AOA-MBR was 140L. The same membrane module was used as that of AMCMBR. The wastewater fed into the reactor and through three phases in the sequencing batch zone: anaerobic phase (2 hours), aerobic phase (4 hours) and anoxic phase (2 hours). The phase was changed by on and off control of the air pump. For anaerobic/anoxic phase, air pump was closed, while the blender was open and agitator began to work in order to keep a full mixing of sludge and water. Blender and stirrer were closed and air pump worked again in the aerobic phase. This caused the discharge of water and drop of water level in the reactor. When aerobic phase was finished, the anaerobic phase restarted in the next cycle. The influent wastewater flowed into the membrane zone by peristaltic pump after treating in sequencing batch zone.
Experimental setup
The sludge and synthetic wastewater were added into the two reactors. The working environment was as follows: dissolved oxygen (DO) was maintained at 2.0-3.0 mg/L, influent COD at 400 mg/L, TN at 25 mg/L. The nutrition solution was added to two reactors by swapping the treated water with untreated synthetic wastewater. When sludge flocculation formed in the reactor and effluent COD went down to 100 mg /L, influent COD and TN were increased to 500 mg/L and 60 mg/L gradually until aerobic activated sludge was fully acclimated. After acclimatization of activated sludge, bioreactor started up. The HRT was maintained at 8 hours and all experiments were conducted under room temperature. The operation was divided into 4 phases according to different working conditions, see Table 2 .
Analytical methods
In all experiments, samples were filtered through 0.45 μm filter paper. The concentrations of COD, MLSS, MLVSS, NH 4 + -N, TN were measured according to the standard methods [24] . The sludge volume index (SVI) was calculated as the biomass volume after 30 min of settling [25] .
The pH values of samples were monitored by pH meter (PC-320). Dissolved oxygen (DO) and temperature were monitored via a portable handheld DO meter (WTW, Germany).
Results and discussion 3.1 COD removal efficiency
Two different MBR systems were investigated to explored organic carbon and nitrogen removal mechanism in ship wastewater under different pollutants loading. Fig. 2 (a) and (b) illustrates the performance of COD removal efficiency of the two reactors under different COD volume [26] . The authors used sequencing batch reactor (SBR) to study the simultaneous removal of organic carbon, nitrogen and phosphorus. The results showed that the reactor achieved around 90 % COD removal rate at a COD loading of 1.00 kg COD/m 3 per day. It should be noticed that the effluent COD rise rapidly at first and then fall in the next few days when OLR increases. More pollutants were degraded and the effluent quality was thus improved due to the well adaptation of bacteria to stable DO environment during this period [27] . As can be seen from the Fig. 2 , the COD removal rate of AMCMBR showed an upward trend throughout the three phases, from 90.52 % in phase 1 to 94.30 % in phase 4, respectively. However, AOA-MBR performs differently as compared to AMCMBR. An increase of OLR to around 1 kg-COD/ m 3 •d increased the removal efficiencies of COD of AOA-MBR from 89.17 % to 91.15 %. Finally, the COD removal efficiency fall at OLR of 1.6 kg-COD/ m 3 •d. This suggests that the optimal OLR of AOA-MBR is 1 kg-COD/ m 3 •d in domestic ship sewage treatment. During 4th stage, the influent C/N is slightly reduced from 20:1 to 4:1. It can be clearly observed that for the two reactors, effluent COD declined in this stage and COD removal rate was kept at around 87 % throughout the whole experiment. More than 90 % COD was removed throughout the experiment. This indicates combined removal mechanism of microbial degradation and membrane filtration for the removal of organic pollutants by both MBR systems [28, 29] . It should be noticed that COD removal efficiency of the AOA-MBR was lower than AMCMBR, which demonstrated that microorganisms in the AMCMBR have a higher capacity of organic carbon removal and better endurance of shock loading than single activated sludge in the AOA-MBR. Moreover, membrane retention in AMCMBR promotes biomass concentration in the MBR system to achieve perfect removal efficiency of pollutants [30, 31] . The IMO specifies that the maximum allowable mass concentration of COD in ship wastewater is 125 mg/L. However, discharge standard for water pollutants from ships in China prescribes that wastewater discharged COD concentration should be below 60mg/L in passenger ships after January 1, 2021 [32] . The presented result indicates that AMCMBR can serve as a feasible and practical reactor to treat ship sewage for former new Chinese emission standard. Fig. 3 illustrates the changes in NH 4 -N and TN concentrations and their overall removal efficiencies for both reactors. It can be seen from Fig. 3 (a) 
Nitrogen removal efficiency
In this phase, the effluent NH 4 + -N increased to around 20mg/L and NH4-N removal rate lowered to 80 %, which indicats that the maximum nitrogen loading of AOA-MBR is 100 mg/L in domestic ship wastewater treatment. However, as nitrogen volume loading rate increase during phase 3, the NH 4 + -N removal efficiency of AMCMBR kept at 88.24 % and the average effluent NH 4 + -N concentration was 11.36mg/L, which is far lower than AOA-MBR (20.23mg/L). This suggested that AMCMBR had higher nitrogen loading capacity than AOA-MBR. The average NH 4 + -N removal efficiencies of AMCMBR and AOA-MBR exceed 95 % in phase 4. Results indicated that change of C/N ratio had no great impact on NH 4 + -N removal efficiency. This observation is in line with previous study, which states that autotrophic bacteria could grow easily in aerobic environment, resulting in a good performance on NH 4 + -N removal [33] . The TN removal by AMCMBR and AOA-MBR are shown in Fig. 3 (c) . In phase 1, despite some fluctuation, the TN removal efficiency of AMCMBR and AOA-MBR were averaged at 93.78 % and 95.09 and the average effluent TN concentration was 3.48 mg/L and 2.69 mg/L, respectively. With increase in nitrogen volume loading rate, TN removal rate of two reactors showed downward trend in phase 2 to phase 3, nevertheless AOA-MBR seems to be more affected. During these two phases, in AOA-MBR, TN removal efficiency fell from 85.86 % to 77.39 %, while TN removal efficiency of AMCMBR kept at around 88 %. The results suggested that nitrogen volume loading have significant impact on AOA-MBR than AMCMBR. It is obvious from Fig. 3 (c) that when influent C/N ratio dropped from 20:1 to 8:1 in phase 4, the average removal rate of total nitrogen is higher than 88 %. However, as C/N ratio of influent wastewater declined to 6:1, the effluent TN of AMCMBR increased greatly. The corresponding average effluent TN concentration and removal efficiency was 17 mg/L and 66 %. While TN concentration of AOA-MBR was 11 mg/L and TN removal efficiency was 75 %. This indicates that the biological nutrient removal (BNR) system of AMCMBR is on the verge of collapse. Furthermore, it should be noted that the C/N ratio of the two reactors were switched to 4:1 with the corresponding average effluent TN concentrations of 26.47 and 20.52 mg/L showing removal efficiencies of 63 % and 55 %, respectively. The main reason for this phenomenon is the presence of insufficient carbon source for microorganisms under low C/N ratio, which inhibited the growth of microorganisms. Therefore, it leads to a significant reduction in denitrification efficiency [34, 35] .
Yang et al. [33] reported that the TN removal mainly rely on simultaneous nitrification and denitrification (SND) performance in SBR, which on account of DO concentration gradients arising from diffusional limitations. Besides, total nitrogen loss in the supernatant of aerobic zone may be caused by SND and assimilation during the continuous aeration membrane bioreactor processes [25, 36, 37] . Therefore, it is important to analyze the pollutants removal efficiency of these two reactors based on SND performance. Fig. 3 (d) showed the percentage of assimilation (AS) and SND of AMCMBR and AOA-MBR of each phase. Equations (1) and (2) represent the SND performance of nitrogen removal [38] :
where represents N removal assimilation rate, Y obs represents the observed biomass yield coefficient, COD in and COD ef represents the average influent COD and effluent COD, TN in and TN ef represents the influent TN and the effluent TN, μ SND represents the nitrogen removal rate in SND process. Fig. 3 (d) shows that SND performance of AMCMBR was higher than AOA-SBR during former three phase. This conclusion confirms that the capacity of nitrogen removal in the AMCMBR was much higher than in the AOA-MBR. The main reason for this is the existence of multi-stage loop condition in AMCMBR which is beneficial to the enrichment of nitrifiers and heterotrophic bacteria. The enrichment of bacteria resulted in the formation of large granular sludge, anaerobic/anoxic conditions exist in inner granular sludge whereas the outer one is aerobic [39] . Besides, compared with AOA-MBR, the inner design of membrane module can maintained biomass concentration to enhance the nitrogen removal capacity [40] . Therefore, AMCMBR achieved higher nitrogen removal efficiency than AOA-MBR under different nitrogen volume loading rate. As can be seen from Fig. 3 (c) , the nitrogen removal efficiency of the AOA-MBR still higher to 75 % under low C/N ratio (i.e. C/N=6) during fourth phase, which is in consistent with the previous research [11] . Besides, the SND performance of AOA-MBR exceeds than AMCMBR in this phase which indicated that AOA-MBR has advantage for treating ship wastewater with low C/N ratio (i.e. C/N=4 and 6). To sum up, AMCMBR perform well in high nitrogen volume loading rate while AOA-MBR showed good performance under low C/N ratio.
It should be noted that both reactors have equal performance of average COD, NH 4 + -N and TN removal rate. However, in these three aspects: the total equipment volume, effective volume of reaction zone and expected total equipment volume of pilot-scale equipment, AOA-MBR is nearly three times as large as AMCMBR. This means that the AMCMBR has a higher pollutant loading rate, which is presented at Table 3 . Therefore, AMCMBR is more practical mean for handling ship domestic wastewater.
Sludge characteristic of different reactors
The MLSS and MLVSS in suspended sludge of AMCMBR and AOA-MBR are illustrated in Fig. 4 (a) and (b) . During the former 54 days, MLSS and MLVSS of two reactors gradually increased when COD and TN VLR rose. On 54 th day, the concentration of MLSS and MLVSS of suspended sludge in AMCMBR increased to around 6799 mg/L and 5315 mg/L. The corresponding MLVSS/MLSS value was nearly 0.78 in this period. However, the value of MLSS, MLVSS and MLVSS/MLSS of AOA-MBR was 6022 mg/L, 4400mg/L and 0.73, respectively. Despite fluctuation, the value of MLSS and MLVSS showed a downward trend when C/N ratio reduced from 20:1 to 4:1. The corresponding average value of MLSS, MLVSS and MLVSS/MLSS in AMCMBR were 5038mg/L, 3802mg/L and 0.76, respectively, while 4957mg/L, 3480mg/L and 0.69 achieved by AOA-MBR. It can be concluded that high pollutants VLR can have a positive effect on the biomass growth, resulting in the increase of suspended sludge in two reactors, while low C/N ratio has a negative influence on the biomass growth.
Previous study reported that MLVSS/MLSS can be effectively used to analyze sludge activity [41] . In this study, as can be seen from Fig. 4 that the value of MLVSS/ MLSS in suspend sludge of AMCMBR was higher than AOA-MBR. This interesting phenomenon indicated high activity of microorganism and greater removal efficiencies achieved by lab-scale AMCMBR. This phenomenon confirms the previous conclusion that AMCMBR showed better removal efficiencies for COD and TN than AOA-MBR, which presented in Subsections 3.1 and 3.2. In addition, the average value of MLVSS/MLSS in the attached sludge of AMCMBR exceeded 0.70, revealing that the biomass in the pilot-scale AMCMBR was healthy. The findings are in agreement with Chen [42] and Ng's study [43] , who found that the biomass kept healthy when the MLVSS/MLSS ratio was 0.8 ± 0.05. These conclusions demonstrated that AMCMBR has good pollutants removal in comparison with AOA-MBR under different working conditions.
Enzyme activities
The microorganisms in activated sludge play important role in pollutants decomposition. Previous study reported that the enzyme activity of microorganisms have close relationship with the microbial decomposition rate on pollutants [44] . Better enzymatic activities and more microbial species in the MBR system are the main reason of excellent biological COD and TN removal [45] . Therefore, microbial enzyme activities were evaluated to make clear the influence and pollutants removal efficiency on ship wastewater treatment. The sludge samples were taken in different working conditions to analyze enzyme activities, and measured enzyme activities data were averaged to reduce the experimental error. Average Urease activities on different working conditions of two reactors are shown in Fig. 5 (a) . Two enzymes were observed, indicating that activities of enzymes were get affected by different working condition. Both the average activities of two enzymes showed similar trend when COD concentrations increased from 800mg/L to 1600mg/L, first increased and then decreased. When the influent COD reached 1200mg/L, the Urease activities of AMCMBR reached a maximum of 12465µmol.h -1 .gfw -1 , while AOA-MBR achieved 6474µmol.h -1 .gfw -1 at this time. The corresponding COD removal efficiencies of AMCMBR also reached a maximum to more than 95 %. With decrement of C/N ratio, despite fluctuation, the Urease activities of AMCMBR showed an upward trend at first and decreased afterward as C/N ratio declined from 20:1 to 4:1, while the Urease activities of AMCMBR showed some fluctuation during this period. When the C/N ratio was switched to 4, Urease activity, COD removal efficiencies of AMCMBR and AOA-MBR were 9310 and 7442µmol.h -1 . gfw -1 , 87 % and 84 %, respectively. It can be concluded that increasing pollutant VLR or variation of C/N ratio did not significantly affect Urease activities of AOA-MBR.
Average activities of Nitrate Reductase on different working conditions of two reactors were demonstrated in Fig. 5 (b) . The Nitrate Reductase activities showed a downward trend as influent COD concentration increased. When influent COD concentration rose to 1600 mg/L, the Nitrate Reductase activities of AMCMBR and AOA-MBR In summary, the Urease activity seems more sensible to the COD removal while NR activity has more close relationship with the TN removal. Li et al. [45] reported that Urease is closely related to the number of matrix microorganisms and organic matter content. In addition, the high Urease activities indicated that the environment is more beneficial to the growth and generation of microorganisms, and better for the purification effect of pollutants [45] . Wang et al. [46] thought that Nitrate Reductase is an essential enzyme in the assimilation process of the exogenous nitrate. Therefore, it has close relationship with denitrification process [18] . In this study, it can be clearly observed that Urease activity of AMCMBR in different working conditions all exceeded AOA-MBR, confirming that AMCMBR achieved better COD removal efficiency than AOA-MBR. However, except for low C/N ratio (i.e. 6 and 4), there are no clear difference of Nitrate Reductase activities between AMCMBR and AOA-MBR. Therefore, enzyme activities analysis indicated that the AMCMBR has a greater performance on treating ship domestic wastewater.
Conclusions
In this study, two reactors were developed to compare the removal efficiency of COD and TN in treating ship domestic sewage under different COD concentration and C/N. Several results were listed as follows: (1) Throughout the experiment, the AMCMBR and AOA-MBR achieved good removal efficiency of COD and TN (Results indicated that the satisfactory removal efficiencies of COD and TN was achieved in the former stages (Re(COD)=91.35 % and 88.92 %; Re(TN)=87.54 % and 85.80 %). (2) Compared with AOA-MBR, the volume of AMCMBR is smaller than AOA-MBR; however AMCMBR performed more stable on COD and TN removal on ship wastewater treatment. (3) The MLVSS/MLSS of AMCMBR was higher than AOA-MBR in each stage, revealing that AMCMBR achieved high activity of microorganism and greater removal efficiencies in comparison with AOA-MBR. (4) AMCMBR has higher Urease activities, which also proved that AMCMBR has better pollutants removal capacity. All these conclusions indicated that AMCMBR is a practical system to treat ship sewage.
